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Group A streptococcus (GAS) infection may cause severe life-threatening diseases, including necrotizing fasciitis and streptococ-
cal toxic shock syndrome. Despite the availability of effective antimicrobial agents, there has been a worldwide increase in the
incidence of invasive GAS infection. Kallistatin (KS), originally found to be a tissue kallikrein-binding protein, has recently been
shown to possess anti-inflammatory properties. However, its efficacy in microbial infection has not been explored. In this study,
we transiently expressed the human KS gene by hydrodynamic injection and investigated its anti-inflammatory and protective
effects in mice via air pouch inoculation of GAS. The results showed that KS significantly increased the survival rate of GAS-in-
fected mice. KS treatment reduced local skin damage and bacterial counts compared with those in mice infected with GAS and
treated with a control plasmid or saline. While there was a decrease in immune cell infiltration of the local infection site, cell via-
bility and antimicrobial factors such as reactive oxygen species actually increased after KS treatment. The efficiency of intracellu-
lar bacterial killing in neutrophils was directly enhanced by KS administration. Several inflammatory cytokines, including tu-
mor necrosis factor alpha, interleukin 1§, and interleukin 6, in local infection sites were reduced by KS. In addition, KS
treatment reduced vessel leakage, bacteremia, and liver damage after local infection. Therefore, our study demonstrates that KS
provides protection in GAS-infected mice by enhancing bacterial clearance, as well as reducing inflammatory responses and or-
gan damage.

Group A streptococcus (GAS) is an important human patho-
gen that causes considerable morbidity and mortality world-
wide. GAS infection causes a wide spectrum of diseases, ranging
from mild pharyngitis, impetigo, and scarlet fever to life-threat-
ening diseases such as necrotizing fasciitis and streptococcal toxic
shock syndrome (1-3). Various virulence factors have been stud-
ied for their association with the severity of GAS infection (4-7).
Although there are major advances in genome-wide system biol-
ogy analysis of host and GAS interactions, limited therapeutic
progress has been made, and no vaccine is available (8-11).
Kallistatin (KS), a human tissue kallikrein-binding protein,
was first identified and characterized by Chao et al. (12, 13). KS is
a serine proteinase inhibitor (serpin) and plays a role in many
physiological processes. Previous studies showed that KS may
function independently of its interaction with kallikrein, such as
lowering blood pressure and inhibiting angiogenesis and tumor
growth (14-17). Recent reports showed a novel role of KS in pro-
tection against ischemia-reperfusion myocardial and salt-induced
renal and cardiovascular injuries by preventing apoptosis, oxida-
tive stress, and inflammation (18-20). Studies in inflammatory
bowel disease and obesity indicated that KS was significantly de-
creased in patients with inflamed intestine and adiposity com-
pared to noninflammatory controls (21, 22). Furthermore, ade-
novirus-mediated human KS gene therapy inhibited arthritis in a
rat model (23). The processes of angiogenesis and inflammation
were accompanied by reduced levels of tumor necrosis factor al-
pha (TNF-a) and interleukin 1 (IL-1B) in joint homogenates.
The anti-inflammatory properties of KS were shown to be medi-
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ated through its heparin-binding domain to inhibit TNF-« re-
sponse and increase NF-«kB degradation in endothelial cells (24).
Using rat KS-transgenic mice, KS was shown to provide protec-
tion against lipopolysaccharide (LPS) endotoxic shock (25). In
addition, KS was associated with a decreased risk of developing
acute kidney injury in patients with sepsis shock (26). Despite
these interesting results, the mechanisms behind the anti-inflam-
matory effects of KS in infectious diseases remain unclear.

We previously established an air pouch mouse model of GAS
infection which mimics clinical severe disease such as necrotizing
fasciitis (27, 28). Using this animal model, we have shown the
protective effects of immunomodulators against GAS infection
(29, 30). In the present study, we used hydrodynamic injection to
transiently express human KS in mice followed by GAS infection
and to demonstrate the protective and anti-inflammatory effects
of KS.
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MATERIALS AND METHODS

Bacterial strain. Streptococcus pyogenes NZ131 (type M49, T14) was a gift
from D. R. Martin, New Zealand Communicable Disease Center, Porirua,
New Zealand. A fresh colony was inoculated into tryptic soy broth con-
taining 0.5% yeast extract (TSBY) (Difco Laboratories, Detroit, MI) over-
night and then diluted to 1:50 and cultured for 8 h at 37°C. The bacteria
were harvested by centrifugation and resuspended in sterile phosphate-
buffered saline (PBS), and the bacterial density was determined by mea-
suring the absorbance at 600 nm. The bacterial suspension was then di-
luted with PBS to 10° CFU/ml, using a standard growth curve to relate the
measured absorbance to the bacterial concentration.

Mice. BALB/c mice were obtained from Jackson Laboratories, Bar
Harbor, ME, and maintained on standard laboratory food and water in
the Laboratory Animal Center of National Cheng Kung University Med-
ical College. Their progeny, ranging from 8 to 10 weeks of age, were used
for the experiments. Housing, breeding, and experimental use of the an-
imals were performed in strict accordance with the Experimental Animal
Committee of National Cheng Kung University.

Preparation of plasmid DNA and hydrodynamic injection tech-
niques. Human KS gene expression plasmid pcDNA3.1(+)-KS was pre-
pared in L. Chao and J. Chao’s lab, Department of Biochemistry and
Molecular Biology, Medical University of South Carolina, USA, and am-
plified by Escherichia coli DH5a.. The plasmid was prepared using a Qia-
gen EndoFree Plasmid Giga kit (Qiagen GmbH, Hilden, Germany) ac-
cording to the manufacturer’s instructions. The plasmid DNA was
administered to mice by hydrodynamic injection (31, 32). In brief, 10 pg
of pcDNA3.1(+)-KS or control pcDNA3.1(+) plasmid DNA was diluted
in 2 ml (approximately 1/10 of the body weight) of saline and injected into
the mouse tail vein using a 26.5-gauge needle within an 8-s injection time.

Air pouch infection model and air pouch exudate collection. The air
pouch model of infection was previously described (27, 28). Mice were
subcutaneously injected with 2 ml of air to form an air pouch and were
inoculated with 0.3 ml of 2.4 X 10 to 3.5 X 10® CFU of bacterial suspen-
sion. The survival rate was monitored every day. The local tissue damage
area was measured and photographed. At various time periods postinfec-
tion, air pouch exudates were collected by injecting 1 ml PBS into the air
pouch and aspirating the exudates. Infiltrating cell number was measured
with a hemocytometer, and cell viability was determined by trypan blue
staining. Bacterial numbers were quantified by counting on TSBY plates.

Determination of KS and cytokines by ELISA. KS levels in the air
pouch exudates, sera, and organ homogenates were measured by enzyme-
linked immunosorbent assay (ELISA) as described previously (13). The
cytokines (TNF-a, IL-18, and IL-6) were measured using ELISA (R&D
Systems, Minneapolis, MN) according to the manufacturer’s instructions.

ROS and superoxide (O,”) detection. Infiltrating cells in the air
pouch exudates were collected from GAS-infected mice and directly
stained with 2',7'-dichlorodihydrofluorescein diacetate (H,DCFDA) (2
wM) for reactive oxygen species (ROS) or dihydroethidium (DHE) (4
uM) for O, detection (Sigma-Aldrich, Michigan). After 30 min of incu-
bation on ice, the increased fluorescence of cells was detected by flow
cytometry (BD FACSCalibur, New Jersey).

Histopathology. At various times postinoculation, mice were sacri-
ficed and tissues from the skin and liver were fixed in 4% neutral buffered
formalin solution and dehydrated in graded alcohol. The fixed tissues
were then embedded in paraffin and sectioned at a 4-pum thickness. The
sections were mounted onto regular glass slides and stained with hema-
toxylin and eosin (H&E).

Statistics. Statistical analysis was performed using the paired ¢ test.
The survival rate was displayed as a Kaplan-Meier survival curve and
assessed by log-rank test. Significant differences were set at P values of
<0.05 (GraphPad Prism software version 5; La Jolla, CA).

RESULTS

Expressed human KS increases survival of GAS-infected mice.
The in vivo clearance profile of human KS showed a nonlinear
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FIG 1 Hydrodynamic injection with pcDNA-KS increases the survival rate of
GAS-infected mice. KS plasmid pcDNA3.1-KS or control plasmid pcDNA3.1
(10 pg in 2 ml saline) was transfected in BALB/c mice through hydrodynamic
injection. The expression levels of KS in organs or serum after 12 h (a) and in
serum at various time points (b) were determined by ELISA. Saline and
pcDNA3.1 plasmid were used as negative controls. ND, not detectable. (c)
After 12 h, GAS was inoculated in the air pouch and the survival rate was
determined. (n = 14 mice for each group). Experiments were performed three
times, and one representative experiment is shown. **, P < 0.01; ***, P <
0.001.

pattern with a short half-life of 65 min (33). We used hydrody-
namic injection of pcDNA3.1-KS via the tail vein to transiently
express KS in mice. After 12 h, mouse sera as well as liver, kidney,
and spleen homogenates were prepared and determined for hu-
man KS levels by ELISA. Mice treated with pcDNA3.1-KS showed
high levels of KS in the sera and various organs compared with
those treated with saline or the pcDNA3.1(+) control plasmid
(Fig. 1a). Time kinetics of KS expression in the sera after hydro-
dynamic injection showed a gradual decrease up to 5 days (Fig.
1b). KS protein was detectable in the plasma and air pouch after
GAS infection but also showed a gradual decrease (see Fig. S1 in
the supplemental material). At 12 h after hydrodynamic injection,
mice were inoculated with a lethal dose of GAS, NZ131, via air
pouch infection. Results showed that mice expressing KS had a
higher survival rate than mice treated with saline or control plas-
mid after GAS infection (Fig. 1c). We conclude that KS offers
significant protection in the early stage of GAS infection.

KS reduces skin damage in GAS-infected mice. GAS infection
through a skin wound may cause severe necrotic fasciitis and sub-
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FIG 2 KS decreases skin damage of GAS-infected mice. At 12 h after admin-
istration of the KS plasmid, control plasmid, or saline via hydrodynamic in-
jection, mice were infected with GAS using the air pouch infection model. At
24 and 48 h after GAS infection, the diapedetic areas were photographed (a)
and measured (b), and the 48-h skin sections were prepared and stained with
hematoxylin and eosin (H&E) (c). The arrows indicate the boundaries. Exper-
iments were performed at least twice, and one representative experiment is
shown. ND, not detectable; S, saline; P, control plasmid pcDNA3.1; KS, KS
plasmid pcDNA3.1-KS. **, P < 0.01.

sequent systemic infection. Hence, restrictions of local infection
and tissue damage are important for disease control. In the air
pouch infection model, the diapedetic areas of the air pouch
showed more severe damage in control mice than in KS-treated
mice (Fig. 2a and b). From skin section histological analysis, KS
treatment showed a clear boundary of bacteria (Fig. 2c, top, ar-
rows). There were no boundaries shown in the control groups. In
addition, the enlarged image showed that the dermal structure was
relatively intact in the KS treatment group, while the saline and
control plasmid treatment groups showed tissue destruction after
GAS infection (Fig. 2¢, bottom).

KS decreases bacterial counts in the local infection site. Con-
sistent with the occurrence of skin lesions, we found that KS-
treated mice had lower bacterial counts in the air pouch exudates
than in control mice both 24 and 48 h after GAS infection (Fig. 3a).
To rule out the possibility that KS directly attacks and kills bacte-
ria, we showed that the GAS growth curve was not affected by KS
(see Fig. S2 in the supplemental material).

KS enhances infiltrating cell viability in the local infection
site. Immune cells are the first line of host defense against bacteria.
However, immune cells can undergo apoptosis after interacting
with pathogens, and GAS accelerates apoptosis in human neutro-
phils (34, 35). Consistent with our previous findings (27, 30), we
found about 90% of infiltrating immune cells of GAS-infected
mice were neutrophils (data not shown), and the viability of infil-
trating immune cells in KS-treated mice was higher than in con-
trol mice both 24 and 48 h after GAS infection (Fig. 3b). KS has
been reported to possess an antiapoptotic function in mammalian
cells (18, 19). We also found that KS increased the viability of

5368 aac.asm.org

a

5 1043 =

‘c Kxk *k

© Coo

o *

= 1034 * — f

= 5 o AL

o *

38 Hl A * At .o
- A o,

EM02™mE M L. o Al i

c " LY - °

T - N o* H

— ° *

§ 104 R s

8 L]

m

1
Hydrodynamic: Saline pcDNA  KS  Saline pcDNA KS
Infection time (h): 24 24 24 48 48 48

b Hkk
;\;100- Kkk *kk
Tn/ 80 Yyv *kk
3 A A
20 - seg - v,V
E o 604 _t_:_g_ _""7 v ., oo v
c . . -
(>E E 404 . ° . oo
E *
£ 201
—
o

0
Hydrodynamic: Saline pcDNA KS  Saline pcDNA  KS
Infection time (h): 24 24 24 48 48 48

Cc

[} 51 *k
@ *

o 47 ®

S ~ $2

=< ] -

T2 3 o v
=X . be v
€ 21 ® - e, vy
e L]

— - °®

T o* — Y v
° 11 $%, e R LA ¢ vy
= R oo vy v

0
Hydrodynamic: Saline pcDNA KS  Saline pcDNA KS
Infection time (h): 24 24 24 48 48 48

FIG 3 KS enhances immune cell survival and decreases bacterial number in
the air pouch exudates of GAS-infected mice. At 12 h after hydrodynamic
administration of the KS plasmid, control plasmid, or saline, GAS was inocu-
lated in the air pouch, and air pouch exudates were collected 24 and 48 h after
infection. (a) Bacterial counts were determined by plating, and the data were
pooled from three independent experiments. The infiltrating cell viability (b)
and number (c) were measured by trypan blue staining. Each point indicates
one mouse sample. Experiments were performed at least twice, and one rep-
resentative experiment is shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

infiltrating cells and that this was correlated with reduced apop-
tosis in those cells (see Fig. S3a and b in the supplemental mate-
rial). Immune cell infiltration into sites of infection assists defense
against pathogens on the one hand but can cause local tissue dam-
age on the other. We found that even though higher infiltrating
cell viability was maintained, the number of infiltrating cells was
lower in the presence of KS 48 h after GAS infection (Fig. 3¢). Since
GAS secretes a number of toxins that have been shown to affect
viability of immune cells, including neutrophils and macro-
phages, the KS effect could be indirectly related to inactivation of
these toxins. The increased viability of infiltrating cells by KS
could be accounted for by the inhibition of GAS virulence factors.
The interrelationships between KS and GAS virulence factors need
to be verified.

KS enhances the bacterial clearance activity of immune cells.
Maintaining immune cell viability by KS might promote bacterial
clearance. In addition, antimicrobial reagents such as ROS are
critical in bacterial killing by neutrophils (36, 37). We found that
the infiltrating immune cells (over 90% neutrophils) in mice
treated with KS have higher levels of ROS, including O27, after
GAS infection (Fig. 4a and b). The beneficial effects of KS were
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FIG 4 KS enhances reactive oxygen species (ROS) production and bacterial
killing activity of immune cells. Reactive oxygen species (a) and peroxide rad-
ical (O,) (b) were detected from the infiltrating immune cells in air pouch
exudates after 12 h of infection. (c) Mouse whole blood (n = 3) was collected
after hydrodynamic administration of KS plasmid, control plasmid, or saline
and incubated with GAS (10° CFU/ml) for 1 h. (d) Neutrophils isolated from
human peripheral blood were pretreated with conditioned medium which was
prepared from culture supernatant of TE647 cells infected with lentiviruses
encoding GFP (as a control) and KS. After 6 h of pretreatment, GAS at a
multiplicity of infection (MOI) of 0.1 was added for 1 h. Both GAS-infected
whole blood cells and neutrophils were followed by gentamicin (50 pg/ml)
treatment for 1 h to kill extracellular bacteria and further lysed for intracellular
bacterial detection. The percentage of bacterial number was determined by
comparing with initially infected bacterial number. Experiments were per-
formed twice, and one representative experiment is shown. *, P < 0.05; *¥, P <
0.01; ***, P < 0.001.

further confirmed by showing that blood cells collected from KS-
treated mice (Fig. 4c) and KS-pretreated human isolated neutro-
phils (Fig. 4d) both enhanced intracellular killing of GAS. Al-
though the direct interaction between KS and immune cells
requires further investigation, the results show that KS not only
maintains the viability of immune cells but also is involved in
superoxide production to promote immune cell antimicrobial ac-
tivity.

KS decreases cytokine expression in GAS-infected mice. The
KS-mediated increase of antibacterial factors and viability of im-
mune cells in the GAS infection may potentially result in hyper-
inflammation. However, it has been reported that KS decreases
the secretion of proinflammatory cytokines through direct inter-
action with endothelial cells (18, 24). We collected the air pouch
exudates after GAS infection and determined the cytokine and
chemokine levels. Results showed that the proinflammatory cyto-
kine TNF-a, IL-1, and IL-6 levels were all significantly lower in
KS-treated mice than in control mice 24 h after GAS infection
(Fig. 5). Chemokines macrophage inflammatory protein 2 (MIP-
2), monocyte chemoattractant protein 1 (MCP-1), and RANTES
in the air pouch exudates did not show any significant difference
between the three groups after GAS infection (data not shown).
Taken together, we found that KS decreased the cytokine expres-
sion and reduced inflammation in local infected tissue.

KS reduces vessel leakage, bacteremia, and liver pathology in
GAS-infected mice. A local GAS infection may further dissemi-
nate systemically, and multiple organ failure may occur either
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FIG 5 KS reduces cytokine levels in the air pouch exudates of GAS-infected
mice. At 12 h after hydrodynamic administration of the KS plasmid, control
plasmid, or saline, mice were infected with GAS through the air pouch, and air
pouch exudates were collected after 24 h of infection (n = 10). The cytokine
levels in air pouch exudates were determined using ELISA. Experiments were
done twice, and one representative experiment is shown. *, P < 0.05; **, P <
0.01.

from bacteria or their virulence factors. The interaction between
KS and endothelial cells has been shown not only to decrease
inflammatory cytokine production but also to decrease mem-
brane permeability and vascular leakage (24, 38). Here, we also
found that KS could reduce streptococcal pyrogenic exotoxin B
(SPE B)-induced membrane permeability and vascular leakage in
vitro and in vivo (Fig. 6). When GAS was infected in the local tissue
for 48 h, KS also reduced the number of mice exhibiting bactere-
mia to 6.7% (1/15 mice), while 40% (6/15) of saline-treated mice
and 26.7% (4/15) of plasmid control mice had bacteria in the
blood. In addition, our previous studies showed that systemic
GAS infection caused histopathologic changes in mouse liver due
to the disseminated bacteria or virulence factor(s) (28). Using
hydrodynamic injection to express KS, the liver is a major source
of KS expression (Fig. 1a). We found that, after GAS infection for
24 and 48 h, mice treated with saline or control plasmid showed
hepatic necrosis (Fig. 7a). Although some necrotic hepatocytes
were observed, KS-treated mice showed much less liver damage.
Using biochemical analysis, we also showed that KS treatment
reduced aspartate aminotransferase (AST) levels after GAS infec-
tion (Fig. 7b). This indicates that the systemic distribution of KS
may reduce vessel leakage and provide organ protection.

DISCUSSION

In the present study, we demonstrate the potential efficacy of KS
not only as an anti-inflammatory agent but also as an immune cell
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FIG 6 KS reduces vessel permeability induced by GAS virulence factor SPE B.
(a) At 12 h after hydrodynamic administration of the KS plasmid or control
plasmid, mice were subcutaneously injected with SPE B wild-type or C192S
mutant protein without protease activity (25 pg in 50 pl PBS) for 1 h and then
injected with Evans blue (10 mg/ml, 200 pl/mouse) through the tail vein. Mice
were sacrificed after 30 min, and the local tissue was observed. (b) A monolayer
of human microvascular endothelial cells (HMEC-1) in a Transwell was pre-
treated with KS for 12 h, and the supernatant was placed in fresh medium with
SPE B for 1 h. E64 (10 g/ml), a cysteine protease inhibitor, was used to inhibit
SPE B activity as a control. Horseradish peroxidase (HRP) was added in the
upper well for 30 min, and the lower-well culture medium was collected to
react with tetramethylbenzidine (TMB) substrate. The amount of penetrating
HRP activity was measured with absorbance at 450 nm. Experiments were
performed three times, and one representative experiment is shown. *, P <
0.05; **, P < 0.01.

modulator for protection against GAS infection. We used an air
pouch model of GAS infection to mimic clinical disease, such as
necrotizing fasciitis, which might lead to toxic shock syndrome
(39). Overproduction of inflammatory cytokines might cause
shock or even death of the host in severe systemic diseases. The
present study showed that expression of human KS enhanced host
immune cell defense, reduced inflammatory cytokine production,
and protected mice from GAS infection, suggesting that an in-
crease in KS levels may protect patients from bacteremia and se-
vere toxic shock syndrome.

In an infectious environment, KS may play a dual role in mod-
ifying the immune response to GAS infection. We first excluded
the possibility of direct action of KS on GAS growth (see Fig. S2 in
the supplemental material). Next, concerning KS as a serine pro-
teinase inhibitor, host tissue damage and inflammation might be
reduced through inhibition of GAS virulence factors and surface
binding of specific host plasma proteins. SpyCEP is a well-known
serine proteinase which cleaves human IL-8 (a neutrophil attract-
ant) as well as other chemokines (40). We detected the levels of
mouse MIP-2, which is a homolog of human IL-8, in the air pouch
exudates 24 and 48 h after GAS infection. The results showed that
there was no significant difference between the KS-treated and
control groups (data not shown). This finding suggests that KS has
no effect on SpyCEP activity, at least for MIP-2, in the air pouch
animal model.

Another virulence factor, SPE B, a cysteine proteinase, was
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FIG 7 KS reduces liver damage of GAS-infected mice. Mouse blood and liver
were collected 24 and 48 h after GAS infection. Liver tissue sections were
stained with H&E (a), and plasma was assayed for aspartate aminotransferase
(AST) levels (b). “n =” indicates mouse number in each group. Experiments
were done twice, and one representative experiment is shown. *, P < 0.05; **,
P <0.01.

shown to facilitate bacterial dissemination, colonization, and in-
vasion and inhibit wound healing (7, 27, 28). Because the KS gene
sequence is highly conserved with a-antitrypsin (33), and a-anti-
trypsin inhibits not only serine proteinase but also cysteine pro-
teinase, we speculated that, even though SPE B is a cysteine pro-
teinase, KS might have an inhibitory effect on SPE B. Surprisingly,
instead of an effect of KS on SPE B activity, KS was actually cleaved
by SPE B (see Fig. S4 in the supplemental material). In addition,
our preliminary results showed that KS still increased mouse sur-
vival and decreased skin lesions in mice infected with SPE B-defi-
cient GAS (see Fig. S5 in the supplemental material). This indi-
cates that KS treatment resulted in a decreased bacterial count and
reduced skin and organ injury but not through blockage of SPE B.
Nevertheless, other virulence factors still need to be tested; our
results do not rule out the possibility that the effects of KS could be
bidirectional on both the host and pathogen.
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As for the mechanisms of protection conferred by KS, we
showed that KS did not influence GAS growth directly (see Fig. S2
in the supplemental material). When GAS was cocultured with the
plasma collected from KS-treated mice, there was, nevertheless,
higher bacterial clearance (data not shown). The detailed mecha-
nism for KS-containing mouse plasma to clear bacteria remains to
be further explored. In addition, the protective effects of KS may
be mediated through interactions with host cells and promoting
host defense mechanisms. Our study showed that blood cells col-
lected from KS-treated mice and KS-pretreated neutrophils both
enhanced intracellular bacterial killing (Fig. 4c and d). Previous
reports showed a novel role of KS in binding to the TNF-a recep-
tor on endothelial cell surface and preventing inflammation, in-
cluding inhibiting adhesion molecule expression and cytokine
production (18, 24). KS binding to the TNF-a receptor may also
block excess cytokine-stimulated apoptotic cell death. We hy-
pothesize that KS may bind to the TNF-a receptor on infiltrating
neutrophils, resulting in higher survival of neutrophils, and may
further contribute to more efficient bacterial clearance (Fig. 3a
and b; see also Fig. S3 in the supplemental material). Figure 3¢
shows lower cell infiltration after KS treatment than that in con-
trol mice at 48 h, which may be due to several possibilities, includ-
ing KS-mediated inhibition of adhesion molecule expression on
endothelial cells and reduction of inflammatory cytokines at the
local site. Furthermore, the anti-inflammatory effect of KS may
occur through inhibition of the NF-kB signaling pathway (24).
Based on previous findings (30, 41, 42), GAS can induce NF-kB
activation in various cells. The inhibitory effect of KS on GAS-
induced NF-kB activation requires further clarification.

Previous studies showed that the administration of carboxy-
fullerene (43) and dextromethorphan (DM) (30) were able to pro-
tect mice from GAS-induced death. Further investigation revealed
that the survival of infiltrating neutrophils was prolonged, result-
ing in elimination of bacteria. Here, we also found prolonged sur-
vival of neutrophils and enhanced bacterial clearance in KS-
treated mice. Although the detailed mechanisms need to be
further explored, KS-induced prolonged survival of neutrophils is
correlated with bacterial clearance. Neutrophils destroy patho-
gens through a number of mechanisms, including ROS produc-
tion. However, previous studies showed that KS decreased ROS
production in endothelial cells (18, 24). In the present study, we
show that the ROS production was increased by KS in air pouch-
infiltrating immune cells (Fig. 4a and b). It remains to be further
investigated whether the enhanced bacterial clearance is, at least in
part, due to the increased ROS production.

Elevated inflammatory cytokine production may be associated
with severe invasive GAS infection. The increased levels of proin-
flammatory cytokines in GAS-infected mice most likely reflect the
sustained systemic infection leading to sepsis. In this study, the
anti-inflammatory activity of KS was demonstrated by the lower-
ing of proinflammatory cytokines, including TNF-a, IL-1f3, and
IL-6. KS was previously shown to provide protection against en-
dotoxic shock induced by Gram-negative bacterial LPS (25). The
present study further demonstrates the efficacy and novel mech-
anisms of KS in protecting against Gram-positive bacterium-elic-
ited skin and organ injury and septic shock. Although infecting
bacteria can be treated by antibiotics, components released from
dead bacteria may be responsible for systemic inflammation and
cause organ failure and sepsis. Our results show that KS reduces
the inflammatory response to protect mice against systemic GAS
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infection, which suggests that KS can be considered an adjunct
agent for antimicrobial treatment. KS protein is routinely ex-
pressed and can be detected in human plasma under normal con-
ditions. Our recent report showed that lower levels of KS have a
trend toward predicting worse clinical outcomes in community-
acquired pneumonia (44). When KS plasmid DNA was delivered
12 h following the initiation of GAS infection, the survival rate
results showed protection by KS compared to the control groups,
with a significant difference between the KS-treated group and
saline control on days 7 and 8 after GAS infection (see Fig. S6 in
the supplemental material). In conclusion, using a GAS infection
animal model, the therapeutic and pharmacological effects of the
anti-inflammatory drug KS has been demonstrated. This may
provide valuable information for new therapeutic strategies in
bacterial infections.
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